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ABSTRACT
We present a catalog of 99,203 wide binary systems, initially identified as common proper motion
(CPM) pairs from a subset of ∼5.2 million stars with proper motions µ > 40 mas yr−1, selected from
Gaia data release 2 (DR2) and the SUPERBLINK high proper motion catalog. CPM pairs are found
by searching for pairs of stars with angular separations <1◦ and proper motion differences ∆µ <
40 mas yr−1. A Bayesian analysis is then applied in two steps. In a first pass, we use proper motion
differences and angular separations to distinguish between real binaries and chance alignments. In a
second pass, we use parallax data from Gaia DR2 to refine our Bayesian probability estimates. We
present a table of 119,390 pairs which went through the full analysis, 99,203 of which have probabilities
> 95% of being real wide binaries. Of those 99,203 high probability pairs, we estimate that only
about 364 pairs are most likely to be false positives. In addition, we identify 57,506 pairs which
have probabilities greater than 10% from the first pass but have high parallax errors and therefore
were not vetted in the second pass. We examine the projected physical separation distribution of our
highest probability pairs and note that the distribution is a simple exponential tail, and shows no
evidence of being bi-modal. Among pairs with lower probability, wide binaries are detected at larger
separations (> 104−5 AU) consistent with the very wide population suggested in previous studies,
however our analysis suggests that these do not represent a distinct population, but instead represent
either the exponential tail of the “normal” wide binary distribution, or are simply chance alignments
of unrelated field stars. We examine the HR diagram of this set of high probability wide binaries
and find evidence for 980 over-luminous components among 2,227 K+K wide binaries; assuming these
represent unresolved sub-systems, we determine that the higher order multiplicity fraction for K+K
wide systems is at least 39.6%.
Keywords: (stars:)binaries: visual— stars: low mass
1. INTRODUCTION
Binary star systems have long been important tools
for stellar astrophysics, as they can be used to determine
the physical properties of their stars (e.g. their masses
and radii), which can be difficult for single stars. They
are also relatively common: roughly half of the solar
type stars in the local neighborhood are found to be in
binary systems (Duquennoy & Mayor 1991; Raghavan
et al. 2010). Low-mass stars, such as the ubiquitous M
dwarfs, have been found to have a multiplicity fraction of
26.8± 1.4% (Winters et al. 2019). They can range from
close spectroscopic/eclipsing binaries with separations
on the order of the Sun’s radius to wide visual binary
systems with separations that can reach >104 au.
These wide visual binary systems represent important
laboratories for stellar astrophysics. The two compo-
nents in wide binary systems are too far apart to be
interacting in any meaningful way at the present time,
and are thus equivalent to two single stars evolving in
unison. Monitoring the motion of binary stars makes
it possible to independently measure their gravitational
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masses without having to rely on a stellar model. In ad-
dition, because the two components are thought to form
coevally from adjacent parts of a molecular cloud, these
systems are crucial for calibrating gyrochronology rela-
tions (Chanamé & Ramírez 2012; Janes 2017; Godoy-
Rivera & Chanamé 2018) and metallicity scales (Lépine
et al. 2007; Mann et al. 2013; Newton et al. 2014; Mann
et al. 2014; Veyette et al. 2017; Andrews et al. 2018a,
2019), in particular to determine how age and metallic-
ity diagnostics vary with stellar mass. Wide binary stars
are also excellent tools for examining phenomena that
evolve over time, such as stellar activity and flaring be-
havior (Gunning et al. 2014; Morgan et al. 2016; Clarke
et al. 2018).
Another important test that wide binary systems can
provide is in the area of Galactic dynamics. As the bind-
ing energies of wide binary systems should be small, they
are easily disrupted by interactions with other stars or
with Galactic tidal fields. This allows one to set limits
about the stellar density, mass functions, and general
environment of various Galactic locales (Weinberg et al.
1987; Parker et al. 2009; Jiang & Tremaine 2010). We
can also place limits on the number density and typical
masses of some dark matter candidates such as MA-
CHOs (Chanamé & Gould 2004), which are expected to
act as gravitational disrupters of wide binary systems.
Wide binaries are also important for exoplanet re-
search, since many planets have been found orbiting
stars that also have wide stellar companions (Deacon
et al. 2016). One might expect a companion, even a rel-
atively distant one, to have potentially disruptive effects
on the structure of the protoplanetary disk, which may
affect the formation of planets. In particular, orbits for
these planets are expected to be mildly to highly eccen-
tric. An expansion of the work of Deacon et al. (2016)
beyond Kepler to compare the frequency of exoplanet
systems in wide binaries versus single stars may shed
light on planet formation mechanisms.
A more fundamental question regarding the widest
binaries (ρ > 10,000 au) is how they form in the first
place. These systems can have separations larger than
a typical protostellar core (∼0.1 pc; Kouwenhoven et al.
2010; Duchêne & Kraus 2013; Reipurth & Mikkola 2012;
Tokovinin 2017). There have been several proposed
channels for how these systems form, including the clus-
ter dissolution scenario (Kouwenhoven et al. 2010), the
unfolding of higher order multiples (Reipurth & Mikkola
2012), and the adjacent cores scenario (Tokovinin 2017).
Recent evidence from young moving groups and star
forming regions (Elliott & Bayo 2016; Joncour et al.
2017) have found that these wide binaries are found
mostly as part of higher order multiples. However, more
work is needed to determine which, if any, mechanism
is the dominant formation channel for the widest wide
binaries. In particular, determining whether there is a
difference between Disk and Halo wide binaries could
yield interesting results.
Previous searches for wide binaries have focused on
finding pairs of stars that are close to each other on the
sky and have similar proper motions and/or similar es-
timated distances (Chanamé & Gould 2004; Lépine &
Bongiorno 2007; Dhital et al. 2010; Lépine 2011; Shaya
& Olling 2011; Tokovinin & Lépine 2012; Tokovinin
2014; Dhital et al. 2015; Deacon et al. 2016; Andrews
et al. 2017; Oh et al. 2017; Oelkers et al. 2017; El-Badry
& Rix 2018; Coronado et al. 2018; Jiménez-Esteban
et al. 2019). Pairs of gravitationally bound stars with
very large orbital separations (>10,000 AU) have orbital
periods that are long enough (>700,000 years) that the
orbital velocity should be very low (≥0.3 km s−1). As
a result, the contribution of the orbital motion to the
total space motion should be negligible in most cases,
and both components will have near-identical proper
motions. One can thus identify wide binaries by looking
for close pairs of stars with similar proper motions; these
are typically called common proper motion (CPM) pairs.
However, coincident alignment, compounded by mea-
surement uncertainties, can make two unrelated stars
appear as a CPM pair by chance. In this case, addi-
tional work must be performed to confirm the pair is
gravitationally bound. This can be done with a vari-
ety of methods, from obtaining more precise proper mo-
tion measurements to measuring radial velocities. Ulti-
mately, one would want to confirm the spatial proximity
of the two stars using accurate parallax data.
With the advent of Gaia, this field of astronomy has
entered a new phase. Gaia Data Release 1 (DR1; Gaia
Collaboration et al. 2016a,b) has already provided accu-
rate proper motions, positions and distances for stars in
the Tycho-Gaia astrometric solution (TGAS) (Michalik
et al. 2015). Three groups conducted separate searches
of the TGAS catalog for wide binaries. Oelkers et al.
(2017) examined TGAS and combined it with the Sloan
Digital Sky Survey (SDSS) to produce their catalog of
8660 possible wide pairs. This catalog was a mix of
TGAS-TGAS and TGAS-SDSS pairs, and expanded the
work of Dhital et al. (2015) to higher mass stars. Their
method made use of a Galactic model similar to the one
used in Dhital et al. (2015) to calculate the probability
that a given pair is a chance alignment based on predic-
tions of the local field density.
Oh et al. (2017), on the other hand, searched for wide
binaries by calculating a likelihood ratio that a pair in
TGAS is a co-moving pair based on its tangential ve-
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locity and physical separation. Their search not only
found wide binaries but also co-moving groups such as
open clusters and OB associations. They found 13,058
high probability candidate pairs in their search. Both
Oh et al. (2017) and Oelkers et al. (2017) claim to have
found evidence that there was an excess of pairs at wide
separations and pairs with separations greater than 1 pc.
Both argue that this excess of pairs consists of a popu-
lation of wide stars that are either very loosely bound
or not bound at all and are just the remains of wide
binaries that have been torn apart. Both also point out
that this population of pairs at large separations should
be relatively young, as these unbound pairs would have
drifted much father apart were they older than a few
hundred million years. Oelkers et al. (2017) goes further
and reinforces the proposal by Dhital et al. (2010) that
this excess is the result of a second formation scenario
from the dissolution of clusters of stars.
The third search was conducted by Andrews et al.
(2017). They ran a Bayesian analysis of the TGAS cat-
alog taking into account angular separations, proper mo-
tion differences, and parallax differences. After remov-
ing known open clusters, they identified 7108 candidate
wide binary pairs. They also matched their catalog to
the RAdial Velocity Experiment (RAVE; Kunder et al.
2017) survey and found a number of their pairs to have
radial velocities (RVs) in the survey. They compared
RVs and found that the majority of their pairs had sim-
ilar RVs, confirming that they are binaries. However,
they also found that for pairs with projected physical
separations larger than 4× 104 au, only about half of
the pairs had matching RVs, which was confirmed in
their follow-up paper (Andrews et al. 2018b). This ap-
pears to lend support to the argument that pairs with
separations greater than ∼1 pc may not be genuine wide
binaries but simply chance alignments of unrelated field
stars.
More recently, Gaia Data Release 2 (DR2; Gaia Col-
laboration et al. 2018; Lindegren et al. 2018) has ex-
panded the possible search area for wide binaries. One
search has already been conducted on this new cata-
log. El-Badry & Rix (2018) examined the “cleaned”
Gaia DR2 catalog (see Lindegren et al. 2018 for more
details) for wide binaries using two cuts. The first was
a cut in actual physical separation of the pairs set at
50,000 AU while the other was a cut in proper motion
space which depended on several parameters including
distance and angular separation of the pairs. The result
of this cut and the removal of clusters, moving groups
and resolved higher order multiples is a “pure” sample of
∼53,400 wide binaries, although there still exists unre-
solved higher order multiples, as noted by the authors.
They also claimed to see a difference in the distribution
of physical separations between three types of wide bi-
naries – main sequence + main sequence, white dwarf +
main sequence and white dwarf + white dwarf – which
they claim to be caused by a kick during the white dwarf
formation (see El-Badry & Rix 2018, sections 3-4). In
section 5.1.2 of this paper, we compare our own sample
of binaries to that of El-Badry & Rix (2018) and find
strong agreement between the two catalogs.
In this paper, we develop a Bayesian approach to con-
duct our own common proper motion search for wide
binaries in the high proper motion subset of Gaia DR2
stars with proper motions greater than 40 mas yr−1. We
define a wide binary in the same way as Andrews et al.
(2017), namely any high probability pair we identify we
consider to be a wide binary based on the data we have
available to us. The Gaia DR2 high proper motion sub-
set contains ∼5.2 million high proper motion stars; our
search ultimately identifies 99,106 wide binary candi-
dates with >95 % probability of being gravitationally
bound systems.
The outline of the paper is as follows: Section 2 briefly
describes the initial search catalog. We then elaborate
on the method of Lépine & Bongiorno (2007) for artifi-
cially constructing a randomized set of stars completely
devoid of wide binaries, which we use as a reference
sample to estimate the occurrence of chance alignments;
this is explained in Section 3, along with our Bayesian
method to estimate the probability of a pair being a true
binary based on positions and proper motions only. In
Section 4, we expand our analysis to incorporate paral-
lax data from the Gaia DR2. Section 5 shows several
checks on our final result, including radial velocity con-
firmation. In Section 6, we perform an analysis of the
resulting catalog of wide systems. We summarize our
conclusions in Section 7.
2. INITIAL SEARCH CATALOG
With over 1.3 billion sources with positions, proper
motions and parallaxes, the Gaia Data Release 2 (DR2)
catalog offers an excellent data set to search for wide
binaries. (Gaia Collaboration et al. 2016c,d; Lindegren
et al. 2016; Gaia Collaboration et al. 2018). Average
parallax errors range from 0.04 mas for bright targets
(G < 15 mag) to 0.7 mas for the faintest targets at G =
20 mag. For that same range of magnitudes, the average
proper motion errors are 0.06 to 1.2 mas yr−1. In order
to reduce the impact of potential chance alignments, i.e.
stars that are close to each other on the sky but not
related, we only considered stars with proper motions
larger than 40 mas yr−1. As will be shown in Section 3,
pairs that have higher proper motions are more likely
4 Hartman & Lépine
to be real binaries because there are fewer stars with
high proper motions. Instead of having to deal with
∼1 billion stars, this proper motion cut leaves a more
managable subset of about 5.2 million sources.
We supplemented this Gaia subset with stars from
the SUPERBLINK high proper motion catalog (Lépine
2005; Lépine & Gaidos 2011). This catalog lists
2.7 million stars with proper motions >40 mas yr−1. In
addition to limiting the number of chance alignments,
our proper motion cut allows our sample from Gaia DR2
to match with that of SUPERBLINK. It is an all-sky
catalog complete to a proper motion limit of 40 mas yr−1
for declinations from 90◦ to−30◦ and 80 mas yr−1 for de-
clinations south of −30◦. It was updated with the Gaia
first data release (Gaia Collaboration et al. 2016c,d;
Lindegren et al. 2016), incorporating the more accu-
rate Gaia proper motions from DR1 at the brighter
end (V < 12) and combining the 2016-epoch Gaia DR1
positions with the 2000-epoch positions of the stars in
the 2-Micron All-Sky Survey (2MASS) catalog to ob-
tain more accurate proper motions at the fainter end
(12 < V < 20), Skrutskie et al. (2006). The nominal
accuracy of the proper motions in the SUPERBLINK-
GAIA DR1 catalog are estimated to be ±4 mas yr−1.
However, the proper motion accuracy is higher at the
brighter end because the more accurate proper motion
values from the TGAS catalog are used.
One advantage of using the SUPERBLINK catalog is
that all the stars have been verified using various quality
control checks, which include visual inspection of Palo-
mar Sky Survey images using a blink comparator-type
software. Common proper motion pairs in particular
have been extensively targeted for visual inspections,
and the rate of false identifications is expected to be
less than 0.1 %. In many cases, pairs were identified
that appear single on Palomar Sky Survey images, but
that are clearly resolved as close pairs on 2MASS images
- the higher proper motion is normally sufficient to rule
out chance alignments with background field stars by
comparing the 1999-2000 images from 2MASS with the
1950s images from the Palomar Sky Survey. While most
of the stars in SUPERBLINK are in the Gaia DR2 cata-
log, there are about 64,000 stars in SUPERBLINK that
are not in Gaia DR2. This was after a match was at-
tempted using a position matching algorithm that took
proper motion into account and made the final match
to the star with the comparable magnitude to the star
in question. These missing DR2 stars notably include
some with very large proper motions, and also likely
include stars with irregular astrometric solutions such
as nearby astrometric binaries. Recent work by Ziegler
et al. (2018) has shown that Gaia does not systemati-
cally include binaries with angular separations between
0-2 arcseconds; many such pairs are however properly
recorded in the SUPERBLINK catalog. All these defi-
ciencies make the Gaia catalog somewhat biased against
nearby visual and astrometric binaries and thus also bi-
ased against nearby wide systems with a tertiary compo-
nent; using the SUPERBLINK catalog mitigates some
of these biases.
The original SUPERBLINK catalog used a proper
motion lower limit of 40 mas yr−1 and had a nominal
proper motion accuracy of ±8 mas yr−1. With the re-
vised proper motion measurements obtained from the in-
clusion of positional data from Gaia DR1, some stars are
found to have proper motions below that limit. These
stars were kept in the catalog, which means that at the
present time, the proper motion limit of the catalog does
not cut sharply at 40 mas yr−1 but has a smooth edge
around that limit. In a small number of cases (0.8% of
the catalog), some stars in the original SUPERBLINK
were found to have significantly smaller proper motions
(µ < 20 mas yr−1) after the Gaia correction. We now
believe these stars to be “false positives“, i.e., stars
that were incorrectly identified as high proper motion
stars in the original SUPERBLINK analysis. These
stars failed the quality controls for a number of reasons,
and tend to be concentrated in areas of the southern
sky where proper motion uncertainties are significantly
higher. For this analysis, however, we exclude any star
with µ < 39.8 mas yr−1. In addition, as stars may be
present in more than one of the catalogs described above,
the order of which proper motion is used for this search is
as follows: Gaia DR2, SUPERBLINK+Gaia DR1, SU-
PERBLINK. This means that if a star has a Gaia DR2
proper motion, this is the proper motion used, but if a
star is not present in Gaia DR2 or DR1, then the SU-
PERBLINK proper motion is used.
3. WIDE SYSTEM IDENTIFICATION METHOD:
FIRST PASS USING PROPER MOTIONS
3.1. Bayesian Search for True Binaries: Real Pairs vs.
Chance Alignments
Starting with the combined SUPERBLINK+Gaia
subset of 5.2 million high proper motion stars, we search
for all pairs of stars with angular separations 2 ′′ < (ρ) <
1◦ on the sky and proper motion difference magnitudes
less than 40 mas yr−1. These relatively wide limits are
used to ensure that all wide physical systems would be
found, at the expense of also including a large number
of chance alignments, to be cleaned later. The angular
separation lower limit of 2 ′′ is a conservative estimate of
the effective resolving power of the Gaia survey and is
set to ensure that our sample of CPM pairs is complete
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within that range of angular separations (Ziegler et al.
2018) so that we can model the distribution of angular
separations as discussed in Section 3.4. In addition, we
limit the magnitude of the primary star to brighter than
19th magnitude.
Given the relatively large upper search radius of 1◦,
we simplify the mathematical algorithm by converting
the right ascension (α) and declination (δ) coordinates
into unit vectors in a 3D Cartesian system
(
x y z
)
via
x = cos(δ) cos(α) (1)
y = cos(δ) sin(α) (2)
z = sin(δ) . (3)
Likewise, we convert all proper motion µα and µδ, which
are locally vectors in the plane of the sky, into their
equivalent vectors in 3D Cartesian space
(
µx µy µz
)
using
µx = µα sin(α)− µδ sin(δ) cos(α) (4)
µy = µα cos(α)− µδ sin(δ) sin(α) (5)
µz = µδ cos(δ) . (6)
This vector method for calculating angular separations
minimizes problems near the celestial poles. We cal-
culate the angular separations between any two stars
from the dot product definition of their unit position
vectors, while the proper motion difference between the
two stars are calculated from the magnitude of the dif-
ference between their proper motion vectors. This initial
search yields a list of ∼557,000,000 CPM pairs from the
combined catalog; the overwhelming majority of these
“pairs” are of course chance alignments, i.e. stars that
happen to be near each other on the sky but are not
physically related to each other.
To determine which of the 557 million pairs may be
true binary systems, we conduct a Bayesian analysis of
the complete list of CPM pairs identified in Section 3.1
using a two-step process. First, we model the statisti-
cal distribution of angular separations and proper mo-
tion differences for both physical pairs and chance align-
ments, without considering of parallax information. We
convert all coordinates and proper motion vectors into
the Galactic coordinate system, obtaining l, b, µl and
µb for all stars; the use of the Galactic coordinate sys-
tem will become clear later. For each pair, we calculate
the proper motion difference in the Galactic longitude
and Galactic latitude ∆µl and ∆µb. We then examine
the statistical distribution of any subset of pairs as a
function of ρ, ∆µl, and ∆µb.
The Bayesian formula for the probability of any pair to
be a physical binary given their proper motion difference
and angular separation is
P (B | ∆µl,∆µb, ρ) = P (∆µl,∆µb, ρ | B) P (B)
P (∆µl,∆µb, ρ)
, (7)
where
P (∆µl,∆µb, ρ) = P (∆µl,∆µb, ρ | B) P (B)
+ P
(
∆µl,∆µb, ρ | B¯
)
P
(
B¯
)
.
Here, B represents the hypothesis that a pair is a phys-
ical binary, and B¯ the hypothesis that it is not a bi-
nary, i.e. that it is a chance alignment. As proper mo-
tion difference and angular separation are expected to
be independent for real binaries and chance alignments,
the probability P (∆µl,∆µb, ρ | B) from the first term in
equation (8) can be split into P (∆µl,∆µb | B)P (ρ | B)
and similarly for P
(
∆µl,∆µb, ρ | B¯
)
from the sec-
ond term. However, ∆µl and ∆µb are correlated,
in particular for chance alignment pairs (as will be
shown later), and thus their probability density func-
tion cannot be written as the product of two indepen-
dent probabilities. Therefore, in order to use equa-
tion (7), we need to calculate the four different prob-
ability density functions, P (∆µl,∆µb | B) , P (ρ | B),
P
(
∆µl,∆µb | B¯
)
and P
(
ρ | B¯), in addition to the two
priors, P (B) and P
(
B¯
)
, which represent the odds for
any CPM pair to be either a real pair or a chance align-
ment respectively.
The four probability distribution functions described
above can be determined empirically (i.e., directly from
our initial set of possible CPM pairs) using methods
that will be described below. Our empirical approach
stands in contrast to methods proposed elsewhere, as in
El-Badry & Rix (2018), who use a simple cut in physi-
cal separation and proper motion difference to separate
physical pairs from chance alignments. Our method also
differs somewhat from the chance alignment estimates
of Dhital et al. (2015) and Andrews et al. (2017), where
probability distribution functions are determined from
a semi-empirical model of the Galaxy that describes
the stellar density and kinematics using simple expo-
nential/power laws. The advantage of our more direct
approach is that is does not rely on any particular as-
sumption about the functional form of the local den-
sity/kinematics of field stars, and may thus better ac-
count for local fluctuations or substructure in the spatial
or velocity-space distribution of nearby stars. To figure
out the probability distribution functions of the physi-
cal pairs and of the chance alignments, we first examine
the distributions of angular separation for all the pairs;
this is shown in the left panel of Figure 1. Although
our initial search goes out to an angular separation of
3600 ′′, the plots only extend out to 400 ′′ to better re-
veal two main features: a sharp peak at low separations
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(ρ < 20 ′′) and a steadily increasing distribution of pairs
at higher separations. There is also a sharp drop to zero
at very short separations (ρ < 1 − 2 ′′, not visible in
the left panel of Figure 1) due to the resolution limits
of our initial search catalog, which is effectively that of
the Gaia DR2 catalog. The steadily increasing distribu-
tion at large angular separations represents the chance
alignment population, while the peak at small angular
separations represents the distribution of real pairs.
Further evidence that the peak represents real pairs is
seen in the middle and right panels of Figure 1, which
show the distribution of proper motion differences for
the two subsets of pairs separated by the blue line in
the left panel of Figure 1. The middle panel shows
the proper motion difference distribution for the pairs
found to the left of the blue line (ρ < 20 ′′), which
should be mostly true binaries. The right panel dis-
plays the same but for the pairs to the right of the blue
line (ρ > 20 ′′), which should be primarily chance align-
ments. The proper motion difference distribution for the
close pairs shows what we would expect from physical
binaries: these pairs have near-identical proper motions
and their proper motion differences are thus heavily con-
centrated near the origin. The small dispersion about
the origin is consistent with the astrometric errors in the
Gaia DR2 proper motion measurements. On the other
hand, pairs with large angular separations show what
one would expect from random pairings of objects in
the plane of the sky, with a very broad distribution of
proper motion differences. These plots, however, do not
represent the true distributions of real pairs and chance
alignments because each subset contains a mix of both
types of CPM pairs. In order to determine the prob-
ability distribution functions for the true binaries and
chance alignments, we need to cleanly separate out the
true binaries from the chance alignments.
To do this, we follow the suggestion of Lépine & Bon-
giorno (2007) and create a second sample of possible
pairs, but one that would be, by design, completely de-
void of physical pairs. We create this random catalog by
copying the original catalog and shifting all of the stars
by 4200 ′′ in declination. This randomizes the positions
of the stars and gets rid of the real binaries while retain-
ing most of the information about the local sky density
and local proper motion distribution of the stars, both of
which critically affect the local statistical distribution of
angular separations and proper motion differences. We
then rerun our search algorithm, but matching the posi-
tions and proper motions of stars in the original catalog
to those in the random catalog. The left panel of Fig-
ure 2 shows the distribution of angular separations for
this random (and true-binary free) cross-match. Note
that the peak at low separations is now absent, which is
consistent with an absence of real binaries. The distribu-
tion of proper motion differences is also very revealing:
pairs with short angular separations (ρ < 20 ′′; middle
panel in Figure 2) now show no peak near 0, and their
distribution of proper motion differences is now very
spread out, while pairs with large angular separations
(ρ > 20 ′′; right panel in Figure 2) show a distribution
similar to that of the larger separation pairs in Figure 1.
One can see that the distribution of proper motion dif-
ferences for the short-separation and large separation
pairs now appears very similar, which suggests that both
subsets represent chance alignments. In addition, the
distribution continues to steadily increase going out to
our search limit of 1◦. Thus, using this random cata-
log, we can independently determine the distribution of
the chance alignment population. We can then scale this
distribution to the catalog containing real pairs and sub-
tract off the chance alignments, revealing the statistical
distribution of the true (physical) binaries.
3.2. Searching for Binaries by Subsets
The search described above can be done globally for
the entire data set or for any determined subset rep-
resenting specific regions of the sky, specific ranges of
proper motions, or any other parameter. As it turns
out, the density of possible pairs varies considerably
across the sky and is also strongly dependent on the
mean proper motion of the pair; this is especially true
for the chance alignments. One major factor for this is
the intrinsic distribution of proper motion components(
µl µb
)
for high proper motion stars in general; this
can be seen in Figure 3 which shows the proper motion
distribution for primary stars located in two different
regions of the sky: towards the galactic center (l = 0,
b = 0, top panel) and in the apex of the Sun’s motion
around the Galaxy (l = 90, b = 0, bottom panel). Three
different effects are illustrated in these plots.
3.2.1. Splitting by Proper Motion Magnitude
First, the number of stars generally decreases as the
magnitude of the proper motion increases. At lower
proper motions, there are more stars and thus more
possible chance alignments. At higher proper motions,
the number density of stars (and thus of chance align-
ments) decreases significantly. Therefore, we split our
sample based on the proper motion magnitude of the
brighter star (i.e. the "primary") as determined by
their G or V magnitude. The use of the G or V mag-
nitude depends on whether the primary was a Gaia
or only SUPERBLINK source. We used six bins of
proper motion magnitude starting at 39.8 mas yr−1 and
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Figure 1. Distribution of angular separation and proper motion differences for all pairs found in the initial search of the Gaia
catalog subset. The left panel shows the overall distribution of angular separations. The middle panel shows the proper motion
difference distribution of the close pairs with angular separations less than 20 ′′ (left of the blue line in the histogram), likely
representing physical companions. The right panel shows the proper motion difference distribution of wide pairs with angular
separations larger than 20 ′′ (right of the blue line in the histogram), likely representing chance alignments.
Figure 2. As in Figure 1, but for the randomized cross-match. Notice that unlike in Figure 1, the pairs at low separations here
have a similar distribution of proper motion differences (middle panel) as those at large separations (right panel), confirming
that all pairs in this subset are chance alignments.
increasing in steps of 0.1125 dex, so that the six bins
have edges 39.8 mas yr−1, 51.6 mas yr−1, 66.8 mas yr−1,
86.6 mas yr−1, 112.2 mas yr−1 and 145.3 mas yr−1, with
the last bin including all pairs with proper motions
>145.3 mas yr−1. Figure 4 shows the angular separa-
tion and proper motion difference distribution for stars
in three of these proper motion bins. As in Figs.1-2, we
define two subsamples of pairs with small (<20") and
large (>20") angular separations, and plot the distri-
bution of proper motion difference for each subsample
(middle and right panels). Again, we see that the lat-
ter subset is always dominated by chance alignments.
It also shows that as proper motion increases (from top
to bottom in the figure), one observes that the ratio of
the number of real pairs to the number of chance align-
ments increases, allowing for easier identification of true
binaries at larger angular separations.
3.2.2. Splitting by Sky Vectors
Examination of Figure 3 shows two other potential de-
pendencies: (1) the location of the pair on the sky and
(2) the orientation of the proper motion vector. These
effects happen because of the "asymmetric drift" effect,
which causes local stellar motions to show a preferred
direction in their space motion relative to the Sun. The
two sky regions shown as examples in Figure 3 – one
towards the Galactic Center (top panel) and the other
towards the apex of the Sun’s motion around the Galaxy
(bottom panel of Figure 3) – have proper motion distri-
butions that are flipped from one another. In addition,
the distribution is not uniform in all directions.
To account for these potential biases, we further split
the sample based on the orientation of the proper mo-
tion vector (8 octants) and the location on the sky (6
sectors) of the primary star. To split our sample of pairs
based on their location on the sky, we took the coor-
dinates of the primary (brighter) star in each pair and
calculated its Galactic Cartesian coordinates Xg, Yg, Zg.
Using these, we split the sample into 6 different sectors
based on which coordinate axis the primary was closest.
These sectors correspond to the axes pointing away and
towards the Galactic center (+xˆ ,-xˆ) in the direction of
and opposite to the motion of the Sun (+yˆ ,-yˆ) and up
and down out of the disk of the Galaxy (+zˆ ,-zˆ).
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Figure 3. Distribution of the proper motion values for the
common proper motion pairs located towards the Galactic
Center (e.g., near l = 0, b = 0; top panel) and in the direc-
tion of the Sun’s motion around the Galaxy (l = 90, b = 0;
bottom panel). The asymmetric drift of local stars relative
to the Sun’s rest frame causes a dramatic asymmetry in the
general distribution of proper motions, with strong depen-
dence on location on the sky. This demonstrates why each
sky sector needs to be analyzed separately.
After all the pairs in the sample are sorted into these
six sky sectors, we select a local coordinate system for
each sector to represent the proper motions of all the
stars in the sectors. For the four sectors along the Galac-
tic equator (+x,-x,+y,-y) we simply use the Galactic
proper motion vectors (µl, µb). For the two sectors near
the Galactic poles (+z,-z) however, we adopt a differ-
ent system in order to avoid pole effect confusion in the
proper motion vector orientations. In those two sectors,
we use a spherical coordinate system that is tilted by
90 degrees to the Galactic system. The two angular co-
ordinates in this reference frame are labeled r and s,
and are analogs of l and b except they correspond to a
coordinate system that has its North pole pointing in
the directions of the Galactic Center. This is done to
Table 1. Description of the Sky sectors used to split the sample. Coor-
dinates of primary star as determined by magnitude are used for this.
Sector Direction on the Sky
S1 Towards the direction of the Galactic Center
S2 Towards the direction of the Sun’s motion around the Galaxy
S3 Towards the direction of the Galactic Anti-Center
S4 Towards the direction opposite of the Sun’s motion around the Galaxy
S5 Up out of the Galactic Plane
S6 Down out of the Galactic Plane
simplify the analysis of the proper motion differences,
as the proper motions (µr, µs) of the stars in these new
coordinates point in the same direction in each region
instead of wrapping around the two pole regions.
3.2.3. Splitting by Proper Motion Octants
Finally, the sample is split into eight octants of proper
motion direction using the µl and µb proper motion val-
ues of the primary star for the first four sky sectors
and the µr and µs proper motion values for the two
pole sectors. These octants are in addition to the bins
in proper motion magnitude described above. Figure 5
shows the results of these proper motion magnitude and
orientation bins for one sky sector. The red circle in
the middle represents the area with proper motion less
than 39.8 mas yr−1, which is excluded from the search
by design. Each box represents an area of proper mo-
tion space that we characterized and analyzed indepen-
dently using our Bayesian analysis; this creates 48 dif-
ferent “boxes” in proper motion space.
After all the divisions are performed, we end up with
288 independent bins/sectors/octants on which to per-
form our analysis. In order to allow for easier identifica-
tion, we create a simple coordinate system to identify a
specific region in the form (S#,B#,O#) corresponding
to the sky sector, proper motion bin and proper motion
vector octant. Each of these areas (location, proper mo-
tion magnitude and proper motion vector) are explained
in Table 1, Table 2 and Table 3 respectively.
3.3. Determining the Bayesian Probability Functions
3.3.1. Finding P (ρ|B) and P (ρ|B¯)
Figure 6 shows 4 examples of the angular separation
distribution for pairs in the proper motion bin of 66.8 to
86.6 mas/yr (B3) and in the sector of the sky pointing
towards the direction of the Sun’s motion (S2). The four
different plots represent four different bins of proper mo-
tion directions (octants). In order to determine P (ρ|B)
and P (ρ|B¯), we need to infer the statistical distribu-
tions of both the chance alignments and the real pairs.
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Figure 4. Angular separation and proper motion difference distributions for different proper motion bins. The top row show
the distribution for pairs with total proper motions in the range 39.8<µ<51.6 mas/yr; the central and bottom rows shows
the bins for pairs with proper motions 66.8<µ<86.6 mas/yr, and 112.2<µ<145.3 mas/yr respectively. The amount of chance
alignments and real pairs decrease as a function of proper motion. However, the number of chance alignments drops at a higher
rate than the real pairs, allowing for easier identification of real binaries at higher proper motions.
Table 2. Description of
proper motion bins used to
split the sample. Proper mo-
tions of the primary stars are
used to split the sample.
Bin Proper motion range
B1 39.8<µ<51.6 mas/yr
B2 51.6<µ<66.8 mas/yr
B3 66.8<µ<86.6 mas/yr
B4 86.6<µ<112.2 mas/yr
B5 112.2<µ<145.3 mas/yr
B6 µ>145.3 mas/yr
Unfortunately, the two distributions overlap. However,
Table 3. Description of how proper motion
vectors were used to split the sample. Proper
motions of the primary stars were used to
split the sample.
Octant Proper motion orientation
O1 |µl| > |µb| and µl, µb > 0.0
O2 |µl| < |µb| and µl, µb > 0.0
O3 |µl| < |µb| and µl < 0.0 and µb > 0.0
O4 |µl| > |µb| and µl < 0.0 and µb > 0.0
O5 |µl| > |µb| and µl < 0.0 and µb < 0.0
O6 |µl| < |µb| and µl < 0.0 and µb < 0.0
O7 |µl| < |µb| and µl > 0.0 and µb < 0.0
O8 |µl| > |µb| and µl > 0.0 and µb > 0.0
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Figure 5. Proper motion distribution for stars in the sky
sector in the direction of the Galactic Center. The red cir-
cle in the middle represents the area of low proper motion
space that is excluded from our search for common proper
motion pairs by design. The red lines and circles show how
we separated our six sectors into different regions of proper
motion. The 5 red circles form 6 annuli of proper motion
magnitude starting from 39.8 mas yr−1. The red lines divide
proper motion space further into 8 proper motion directions.
Combined, these form 48 different areas to be examined per
sector, leading to a total of 288 different areas examined by
our code.
it is possible to infer both distributions by obtaining
an independent estimate of the distribution of chance
alignments.
Our method to independently map the distribution of
chance alignments uses the random catalog we created,
as described above in Section 3.1. We apply the same
binning by sector and proper motion to our randomized
catalog, and for each bin, we obtain the distribution of
angular separations, which now shows only chance align-
ments. Figure 7 shows that same areas shown in Figure 6
from this random catalog. Notice that the peaks at low
separations are now gone, which confirm that the dis-
tributions represent only chance alignments. To model
each distribution of chance alignments as a function of
angular separation, we fit the cumulative distributions
with either a linear or quadratic model, whichever one
minimized the chi-squared value. Once normalized, this
model represents P (ρ|B¯), which allows us to subtract
off the chance alignment trends from the histograms of
the true catalog and get the residuals, which represent
the distribution of real pairs.
From this method, we derive the statistical dis-
tribution of real pairs for each of the 288 sec-
tors/bins/octants. Our assumption is that the distri-
Figure 6. Examples of angular separation distributions
for pairs in 4 of the 288 independent bins/sectors/octants.
These pairs are from proper motion bin B3 and sky sector
S2. All plots show a peak at low separations representing
real pairs and then a steadily increasing trend at higher sep-
arations representing chance alignments - note that varying
level of chance alignments in the various octants.
Figure 7. Examples of angular separation distributions for
pairs in 4 of the 288 independent bins/sectors/octants, this
time for the randomized catalog. These pairs are from proper
motion bin B3 and sky sector S2. There is no peak at low
separations, which confirms that the randomized set does not
contain any real pairs. Only the steady rise from the chance
alignments can be seen. Number of points is based on the
number of pairs in the entire range.
bution of angular separation for common proper mo-
tion binaries should be independent of the sky sector
and of the proper motion orientation octant. On the
other hand, the distribution likely varies with proper
motion magnitude because proper motion magnitude is
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correlated with distance for nearby stars. Therefore, we
apply the following procedure: for each bin of proper
motion magnitude, we combine the inferred distribution
of real pairs for all 48 sky sectors and proper motion
orientation octants. This generates six independent sta-
tistical distributions, which map angular separation for
each proper motion magnitude bin. Figure 8 displays
the combined real pair distribution for each proper mo-
tion bin, with a power law fit to each one. This fit,
normalized by the integrated value of the function from
2” to 3600”, represents P (ρ|B).
Figure 9 shows the same 4 plots of angular separation
from the area shown in Figure 7 except now with the real
and chance models included on them. These models are
the power law fit which represents P (ρ|B) (cyan line)
and the linear or quadratic fit which represents P (ρ|B¯)
(red line), each scaled to the individual area shown. The
magenta line shows the two models added together to
form a combined fit.
Figure 8. Combined distribution of angular separations for
the real binary models derived for each of the six proper mo-
tion magnitude bins. Note how the mean angular separation
becomes shorter at lower proper motions. Red line represent
power law fit of the data.
3.3.2. Finding P (∆µl,∆µb|B) and P (∆µl,∆µb|B¯)
To calculate the models for the proper motion differ-
ences, we examine 2-D histograms of the distributions of
pairs as a function of either ∆µl,∆µb for the four sec-
tors centered along the Galactic equator or ∆µr,∆µs
for the two sectors centered on the Galactic poles. We
follow the same procedure as with the angular separa-
tions: (1) determine the chance alignment distribution
from the randomized data, (2) subtract it off from the
sample containing real pairs and (3) determine the real
pair distribution from the residuals. Figure 10 shows the
smoothed distribution of ∆µl and ∆µb for pairs from
the randomized catalog for the same 4 areas in Figure
7. These represent the expected distribution of ∆µl and
∆µb for chance alignments in each of these areas. As
can be seen, the distribution of proper motion differences
is not uniform and varies significantly with the orienta-
tion of the proper motion vector. The outer circular
edge represents the proper motion difference limit of 40
mas/yr that was imposed in the initial search. These 2-
D histograms are effectively models for the chance align-
ment distribution P (∆µl,∆µb|B¯). Due to their level of
complexity, we do not attempt to model them with an
analytical function, but use the histograms themselves
as an empirical model, with the probabilities calculated
form the number of pairs in each area divided by the
total number of pairs in the histogram.
To reveal the distribution of ∆µl and ∆µb for the real
binaries in the catalog, we set an upper limit on the
angular separation and plot the distribution of proper
motion differences only for stars within that limit (Fig-
ure 11). This is what was done previously in Figure
1 to reveal the distribution of real binaries (blue line).
For the two lowest proper motion bins (B1 and B2), the
limit was set at 50”, for bins B3 and B4, 100”, 250” for
Bin B5, and then for Bin B6, the limit was set at 400”.
The limit moves out farther each time because at higher
proper motions, the number of chance alignments drops
and the number of real pairs rises so we can examine
further out with less contamination. Our previous as-
sumption that the distribution of angular separation for
common proper motion binaries should be independent
of the sky sector and of the proper motion orientation
octant once again works here. We combine the sky sec-
tors and proper motion orientation octants into six bins
where the only difference is proper motion magnitude.
Figure 11 shows the histograms of proper motion dif-
ferences from then same areas/sectors as in Figure 10,
but now for the real binaries (within the imposed angu-
lar separation limits). The peak in the middle around
zero clearly represents the real pairs. There are proba-
bly a small number of chance alignments in this sample,
however, as evidenced by the random points around the
central distribution. Getting rid of those few remain-
ing chance alignments requires us to create plots from
the offset sample also limited to those pairs within the
angular separation limits set above. Most, if not all, of
the chance alignment histograms are sparsely populated
with many of the bins having zero pairs in them due
to the small number of chance alignments with separa-
tions less than 100". To correct this, we smooth those
histograms with a box function and do the following:
we take all the bins with values less than 1, add them
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Figure 9. Same plot as Figure 6, but now showing the derived models for the angular separation distributions of the real
binaries (cyan) and for the chance alignments(red), with the combined distribution shown in purple.
up and divide by the total number of bins. Any bin
with a value less than one is then assigned the value
calculated above to ensure calculated probabilities are
nonzero. Taking these chance alignment histograms,
we subtract them from the histograms containing the
real and chance alignments to get the residuals. For
each proper motion magnitude bin, the residuals from
each sector and proper motion direction are added up
to form the real pair distribution. These distributions
are then fit with a 2-D model consisting of two Gaus-
sians, both centered at the origin but of different widths.
The best fit is obtained for a narrow Gaussian with
dispersion σ = 1.3mas/yr and a broad Gaussian with
dispersion σ = 4.0mas/yr. The resulting fit and 2-D
histograms for the lowest proper motion magnitude bin
are shown in Figure 12. The rings represent the val-
ues of the histogram. The fits, after being divided by
the integral of the function over the entire area, become
P (∆µl,∆µb|B).
3.3.3. Finding P (B) and P (B¯)
The probability priors P (B) and P (B¯) are different for
each of the 288 subsets but they are derived the same
way in each. For each bin/octant/sector of proper mo-
tion magnitude, proper motion orientation and location
on the sky, the number of wide binaries (Nr) and the
number of chance alignments (Nca) are derived. Nca is
found by examining the region between 1800" and 3600"
in angular separation. The assumption is that the num-
ber of wide binaries in this range is negligible compared
to the number of chance alignments. This allows us to
set the number of pairs in that region to be equal to the
number of chance alignments multiplied by the integral
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Figure 10. Distribution of proper motion differences for pairs in the randomized catalog, representing the expected distributions
of chance alignments. The four examples shown here are for the 4 areas represented in Figure 7. The chance alignment
distribution is revealed to be significantly dependent on the orientation of the proper motion vector. The apparent lines at x=0
and y=0 are to guide the eye and are not real.
of the normalized chance alignment model,
N1800−3600 = Nca ∗
∫ 3600
1800
P (ρ|B¯)dρ (8)
Solving this equation gave us Nca. The value of Nr,
on the other hand, if found by fitting the distribution
of angular separations with a combined function of the
normalized distribution of real pairs times a scalar, Nr,
and the normalized distribution of chance alignments
times Nca. This is represented as the magenta lines in
Figure 9. P (B) and P (B¯) can then be rewritten in terms
of the the ratio of Nr and Nca,
P (B) =
Nr
Nr +Nca
=
1
1 + NcaNr
(9)
P (B¯) =
Nca
Nr +Nca
=
1
1 + NrNca
(10)
It was discovered that the ratio is a function of proper
motion magnitude. Figure 13 shows examples of this
ratio for four octants of proper motion orientation, in
the direction of the Galactic center and plotted as a
function of the proper motion of the primary star in the
pair. The red line represents a quadratic fit to the ratios
as a function of proper motion. This allows us to get a
ratio of Nr and Nca and then calculate the priors, P(B)
and P(B¯), for any proper motion of the primary star.
4. WIDE SYSTEM IDENTIFICATION METHOD:
SECOND PASS USING GAIA DR2 PARALLAXES
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Figure 11. Proper motion difference distribution for real pairs with separation limits in place. Same region as Figure 10.
4.1. Selection of the Second Pass Subset
After running the 557 million possible pairs through
the code, we found 176,896 pairs that have Bayesian
probabilities greater than 10% of being real binaries.
Up to this point, our analysis has consisted of using
only the angular separations and proper motion differ-
ences of the pairs, which we now refer to as the “first”
pass. However, parallax data, if available, can further
constrain the probability estimate for the two stars to be
physical binaries. In this section, we perform a "second
pass" by searching for and incorporating the parallax in-
formation to the Bayesian analysis. We run this second
pass on the subset of stars with probabilities larger than
10% as determined from the first pass (Section 3 above).
We restrict our parallax analysis only to stars with high
probability from the first pass, in order to reduce the
computational time. Tests using the complete catalog
show that the vast majority of the pairs ultimately iden-
tified as true binaries have first pass probabilities larger
than 10%.
The parallax test is based on the premise that if a pair
is a true binary, they should be at the same distance.
If their distances are widely different from each other,
then they must be chance alignments. Starting with the
176,896 pairs with first pass probabilities greater than
10%, we searched the Gaia DR2 catalog for the paral-
laxes of both members of each pair. Reliable parallaxes
(parallax errors smaller than 10% of the parallax) could
not be found for ∼ 33% of the pairs. In some cases,
the parallaxes were listed as negative. In many pairs,
one of the components has a reliable parallax, while the
other does not. In the end, we assembled a subset of
119,390 pairs where both stars have reliable parallaxes;
the analysis described below is applied to that subset.
4.2. Distance Difference Analysis
Taking the surviving pairs, we conduct a separate
Bayesian analysis, this time based on the difference in
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Figure 12. Model for proper motion difference distribution
for real pairs. This model uses two Gaussian functions. This
plot is for the lowest proper motion bin and is representative
of the other five bins.
Figure 13. Ratio of Nr
Nca
for the four quadrants examined
above as a function of proper motion magnitude and in the
direction of Galactic center. The red line is the fit to the
data.
distance between the two pairs ∆D = Dpri−Dsec, where
the distances are simply calculated from the parallaxes,
Dprim = (pipri)
−1, Dsec = (pisec)−1. To integrate with
the results from the proper motion analysis (i.e. the
"first pass"), we consider the probability to be a func-
tion not just of the distance difference ∆D but also of
the Bayesian probability calculated in the first pass. If
we define Pρ,µ to be the first pass Bayesian probability
such that:
Pρ,µ = P (B|∆µl,∆µb, ρ), (11)
then the formula associated with Bayes theorem for
our second pass is:
P (B|∆D,Pρ,µ) = (P (∆D,Pρ,µ|B) · P (B))
P (∆D,Pρ,µ)
(12)
where
P (∆D,Pρ,µ) = P (∆D,Pρ,µ|B)·P (B)+P (∆D,Pρ,µ|B¯)·P (B¯)
(13)
As in the previous analysis, we need to find
the two probability distributions, P (∆D,Pρ,µ|B) and
P (∆D,Pρ,µ|B¯), and the two priors, P(B) and P (B¯), for
each individual pair to calculate the final probability
that a pair is a real binary.
4.3. Calculation of the Probability Distributions:
P (∆D,Pρ,µ|B) and P (∆D,Pρ,µ|B¯)
The probability distribution P (∆D,Pρ,µ|B) repre-
sents the distribution of the distance differences ∆D for
pairs that are real binaries. We extract this probability
distribution function by examining the distribution of
∆D values for the subset of pairs that were identified in
the first pass to have probabilities greater than 10% and
representing pairs that are most likely to be actual bina-
ries. The distribution of ∆D values is shown in Figure
14 for those pairs that had Pρ,µ > 99%. The distribu-
tion shows a large peak at 0, which confirms that the
majority of the pairs in this first run probability range
are indeed physical binaries. Figure 14 however also
shows extended wings that suggest a number of pairs
in this subset are either not physical binaries, or have
significant errors in their Gaia DR2 parallaxes. In or-
der to estimate the true distribution of ∆D for physical
binaries we need to disregard the extended wings, only
focusing on the central peak. Before we can do this,
we must first understand the distribution from chance
alignments.
The probability distribution P (∆D,Pρ,µ|B¯) repre-
sents the distribution of ∆D values for pair that are
chance alignments. We extract this probability distri-
bution from our subset by examining the distribution of
the distance difference ∆D, for a subset of 61,120 pairs
that in the first pass were found to have probability val-
ues between 1% and 10%, are are thus dominated by
chance alignments. The distribution of ∆D values for
this subset is shown in Figure 15. There are two com-
ponents that can be identified in this Figure. The first
component is the peak at 0, which shows that there are
in fact some real pairs in this sample, even with the low
first-pass probability range. The second component is
an underlying, broad distribution of chance alignments.
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We split the pairs into groups based on their first run
probabilities, 10 to 20, 20 to 40, 40 to 60, 60 to 80, 80 to
99 and 99 and up. We chose not to go below 10% when
deriving the probabilities as the number of chance align-
ments begin to dominate the distribution and no pairs
from that probability range will reach a high probability.
Figure 14. Distance difference for pairs matched in Gaia
dr2 with first run probabilities > 99%. The large peak at 0
represents real pairs while parts of the tails of the distribution
represent the chance alignments.
Figure 15. Distance difference for pairs matched in Gaia
dr2 with first run probabilities between 1% and 10%. The
peak at 0 represents real pairs while the wings of the distri-
butions represent chance alignments.
The distribution of ∆D values for the chance align-
ments is found be a strong function of primary dis-
tance. Figure 16 shows the distance difference distri-
butions for pairs in the 1% to 10% first run probability
bin, where the paris are separated into four different
distance bins: D < 150pc, 150pc < D < 300pc, 300pc <
D < 500pc,D > 500pc. As the primary star’s distance
increases, the chance alignment distribution shifts from
the left to the right and the number of possible physical
binaries (the central peak) decreases. This is because of
our high proper motion limit and at higher distances,
there is a higher chance that a matched secondary is
closer to the Sun rather than farther away.
Figure 16. Distance difference for pairs matched in Gaia
dr2 with first run probabilities between 1% and 10%, shown
for four bins of primary star distance from the Sun (D). The
distribution of chance alignments shifts from left to right
depending on distance to the primary star. In addition, the
number of real pairs also decreases with increasing distance.
To extract a model ∆D distribution for the chance
alignments, we perform a fit of an analytic function to
each of the four distance bins. In each case, the fit ex-
cludes pairs with distance differences from -100 to 100
pc to avoid conatmination from physical binaries (the
central peak). After attempting several analytical func-
tions, we find that a skewed Gaussian fit provided rea-
sonably good models for the chance alignments as shown
by the blue lines in Figure 17. Once normalized, this
function is applied to each probability bin in the same
manner as the chance alignment distribution in the first
pass where the functional form was multiplied by a scal-
ing factor. This yields P (∆D,Pρ,µ|B¯).
The functional form of the real pairs is still needed
however. To find this, we examine the four distance
bins with first run probabilities > 99% and subtract
off the chance alignment distribution, leaving behind
only the real pairs. We determined that for the three
lower distance bins, a two Gaussian solution matches
the real distribution best. For the highest distance bin
(D> 500 pc), a single Gaussian is used. We then refit
each area with either the single or two Gaussian solution
for the real pairs. This fit is P (∆D,Pρ,µ|B). Figure 17
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shows the chance alignment model (blue line), real pair
model (green line/s) and combined model (red line) for
all probability and distance areas in the second pass.
From this figure, one can see that most of the pairs that
will have high second pass probabilities come from areas
of low distances or high first pass probability. At low
first pass probability, the chance alignments dominate
at high distances and are still present at low distances,
highlighting the need to characterize them.
4.4. Calculation of the Priors for Different Distance
Ranges
The priors P(B) and P (B¯) represent the probabilities
for any pair in a particular subset to be either a real
binary or not. To find these priors, we follow a proce-
dure similar to what was used in Section 3. The priors
are calculated separately for each of the 24 different bins,
comprising the four different distance bins and the 6 dif-
ferent first run probability ranges. Taking the number
of real and chance alignments from the integrated distri-
butions found above, we derived the priors for each bin
and plotted them as a function of first run probability
for each of these 24 bins. Results are shown in Figure 18,
which plots the estimated priors as a function of first-
run probability, with different symbols denoting the 4
distance bins. As can be seen, the prior probability de-
pends on the probability from the first run and also sig-
nificantly depends on the distance of the primary. The
closer a primary star is to us, the higher its prior. For
each probability range, 10% to 20%, 20% to 40%, 40%
to 60$, 80% to 99% and 99% and up, we adopt a single
value for the prior for each distance range bin, instead of
attempting to derive a relationship with distance, which
would significantly complicate the problem. We believe
this simplification does not bias the results significantly,
as the change in prior over a given first run probability
range is an average of 0.15.
4.5. Unvetted Pairs
As explained in Section 4, we applied a parallax er-
ror cut to the group of pairs that had probabilities of
10% or more after the first pass of the Bayesian analysis
that only used angular separation and proper motion
difference. Orginally, 176,896 pairs were in that 10%
and up group. In the second pass of the Bayesian analy-
sis, we only considered pairs in which both components
have parallaxes from Gaia or other sources, and where
the parallax errors less than 10% of the parallax itself.
This left us with a group of 57,506 pairs that failed this
cut. The pairs that are in this group either have one
or more components whose quoted Gaia parallax error
is larger than 10% or have one or more component that
does not have a parallax value listed in the Gaia catalog
and the parallax recovered from the literature is not ac-
curate enough, or one of the components of the pairs has
no parallax from Gaia and no parallax from any other
source. We call the pairs the "unvetted" subset, because
they are identified based on proper motion and angular
separation but are not vetted with parallax data.
Figure 19 shows the first pass probability distribution
of these unvetted pairs and shows that the majority of
the pairs had very high probabilities of being physically
bound systems in this first pass. We provide the all-sky
plot of these pairs in Figure 20. This, combined with the
probabilities in Figure 19, suggests that most of the pairs
in the group are most likely genuine pairs if they have
a high first run probability. One exception is the clump
of stars in the direction of the Galactic Center. There is
a well known issue with with the proper motion values
of many stars in that area, that are erroneously listed
in the Gaia catalog with having large proper motions,
and are thus an artifact of the Gaia catalog. As seen in
Figure 19, we are confident that most of the pairs in this
unvetted subset are real pairs, however, we do caution
the user that there are still chance alignments in this
subset. Further vetting of this sample is planned for a
future paper.
5. RESULTS
5.1. Catalog of High Probability Wide Binaries From
Gaia DR2
5.1.1. Catalog of Parallax-Vetted Pairs
After applying the two Bayesian probability searches
described in section 3 (first pass) and section 4 (second
pass), we identify 99,203 pairs with probabilities greater
than 95% to be wide binaries. Of these, we estimate the
number of false positives to be about 364. We calculate
this value by summing the individual Bayesian proba-
bilities (Qi = 1 − Pi) that each pair in this high prob-
ability subset has of being a chance alignment, where
P is the probability of the pair to be a gravitationally
bound system. We show the positions of these wide
binaries in Figure 21. The full catalog which includes
these high probability pairs, and also pairs with lower
Bayesian probabilities identified in the first and second
passes, is presented in three tables. Figure 22 show the
probability distributions from the first and second passes
of our analysis for all pairs that had probabilities > 10%
from the first run and passed our parallax error cut. Ta-
ble 4 shows data for all primaries of the matched pairs
in GAIA with first pass probabilities > 10% and which
also passed our parallax error test and went through the
second pass. This table lists 119,390 pairs of stars. The
table provides the catalog name, Gaia DR2 id, location
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Figure 17. Distance Difference histograms for all first run Bayesian probability bins. Number in the upper left of the left
most plot in each row represents the first run probability range being examined in each row. Lines represent model fits to the
histograms. Blue line represents the chance alignment distribution, green lines represent the real pair distribution, and the red
line represents the combined chance and real distributions
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Figure 18. Estimated prior probability of being a binary for
the second run, which includes an analysis of the parallax dif-
ference between components as a function of the probability
of being a binary from the first run. The priors also depend
on the pair’s distance; the four distance bins are shown with
different symbols.
Figure 19. First pass Bayesian analysis probabilities for
pairs that did not pass the parallax error cut. Most have high
probabilities. The cut at 10% is due our selection of pairs
with probabilities from the first Bayesian analysis greater
than that amount
in RA and DEC in degrees, proper motions in the RA
and DEC directions in mas/yr, the parallax in mas, the
G magnitude, GBP −GRP color, the Gaia radial veloc-
ity, if available. Table 5 compiles the same information
for the secondary stars. Table 6 gives information about
the configuration of the binaries: their angular separa-
tion, projected physical separation, G magnitude differ-
ence, radial velocity difference if both stars have a RV
and their probabilities from both the first and second
Bayesian analyses. The projected physical separation
was determined by taking the angular separation of each
pair in arcseconds and multiplying it by the distance to
the primary star in parsecs. The primary star was de-
termined using the GAIA G magnitude where available,
otherwise a V magnitude from SUPERBLINK was used.
The pairs are listed in order of their probabilities from
the second distance check. We note two important de-
tails about the catalog. (1.) Some of the second pass
probabilities are zero in the table. This is due to their
distance differences being large (around 500 pc). (2.)
Pairs made of stars from nearby clusters (notably the
Pleiades) are part of the table, and can be noticed in
Figure 21; no effort was made to remove them.
5.1.2. Catalog of Unvetted Pairs
We also present the catalog of the 57,506 unvetted
pairs that had first-pass Bayesian probabilities > 10%
of being physical pairs, but did not pass the parallax er-
ror cut we set in place. We list all of these pairs in Tables
7, 8 and 9. These tables provide the same information
as the tables from section 5.1 with the exception of Ta-
ble 9 which does not include the second pass Bayesian
probability as these pairs do not have this information.
5.2. Verification of the Wide Binary Status: Radial
Velocity Analysis
The second Gaia data release contains median radial
velocities for around 7 million sources (Katz et al. 2019;
Cropper et al. 2018; Sartoretti et al. 2018). We took
our sample of 99,203 pairs with second pass probabil-
ities greater than 95% and searched for pairs with ra-
dial velocities in DR2. This yielded a list of 5,479 pairs
for which radial velocities are listed in Gaia DR2 for
both components . If these pairs are true binaries, then
one would expect their radial velocities to be similar.
To examine this, we compare the radial velocity of the
primary against the radial velocity of the secondary as
shown in Figure 23. If these are true common proper
motion pairs, the points should lie along a straight line.
The top panel of Figure 23 shows that the majority of
our points line up as expected. To examine this more
closely, we subtract the radial velocity of the primary
and secondary and plot the resulting values as a func-
tion of projected physical separation of the pair (Figure
23,bottom panel). The projected physical separation is
calculated in the plane of sky and uses the distance to
the primary as the distance to both stars. This distance
is simply multiplied by the angular separation to get
the projected physical separation. Fitting a Gaussian
to the distribution yields a sigma of 1.4 km/s, which is
consistent with the radial velocity errors quoted in Gaia
DR2. Assuming pairs that have radial velocity differ-
ences more than 3 sigma are not real binaries, we infer
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Figure 20. All sky distribution of the unvetted pairs, i.e. pairs selected from the first pass, but that did not satisfy the parallax
error cut for the second Bayesian analysis.
Figure 21. All sky distribution of vetted pairs, i.e. pairs with good Gaia parallaxes and with Bayesian probabilities > 95%
after the second pass.
a possible containmination rate of 11.8% for the > 95%
group. This could be over-estimating the containmina-
tion rate for several reasons. For the above estimate, we
do not include an error cut for the radial velocities so
we could be getting radial velocity differences with large
errors. We tried this same analysis using pairs where
the radial velocity error was less than 3 for both pairs
and got a lower containmination rate of 5.3%. Another
reason is that we may be detecting the orbital motions
of some of these pairs. To examine this possibility, we
looked at the radial velocity difference as a function of
projected physical separation, shown in bottom panel of
Figure 23. If orbital motions were significant, we should
see more discrepant radial velocity differences at lower
separations as the orbital motion should be larger. We,
however, see no such dependence, which suggests that
orbital motion has little significance. Finally, another
reason for a large velocity difference may be that one
of the components of the wide binary hides as an unre-
solved spectroscopic sub-system.
For comparison, we provide the same plots using the
two other probability groups: the pairs with 20%− 95%
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Figure 22. Distribution of first (top panel) and second pass
(bottom panel) probabilities for pairs that have probabilities
> 10% that have also passed the parallax error cut.
probability of being real binaries, and the pairs with
< 20% probability. These are shown in Figures 24 and
25. The lower number of pairs with radial velocities in
these two groups is because there are less pairs overall
in these probability ranges. Examining Figures 24 and
25 shows that as the probability decreases, the spread
in the radial velocities increases. This is mirrored in the
precentage outside the three sigma lines which for pairs
with probabilities between 20%− 95% is 24.8%, and for
pairs with probabilities < 20% is 76.9%. The coinci-
dence in radial velocities for many of the pairs suggests
that there are still real pairs in these probability ranges.
Once the radial velocities are released for more of the
catalog, real pairs can be identified more easily in these
low probability regimes.
To compare this distribution to what one would ex-
pect from pure chance alignments of unrelated stars, we
select pairs that were rejected in the first pass for hav-
ing very low (<< 1%) probabilities of being binaries.
We examine a subset of 5,000 such pairs for which we
found Gaia DR2 for both stars. The results are shown
in Figure 26. Most pairs in this group have projected
physical separations around 106 AU and are widely dis-
tributed in rv difference confirming that they are chance
alignments. Interestingly these chance alignment pairs
show a broad correlation in their radial velocities, but
with an overall dispersion in RV differences of 8.8 km/s,
larger than the Gaia errors. This correlation is clearly
not because the pairs are physical binaries, instead we
believe that field star radial velocities are broadly cor-
related with each other in different parts of the sky, in
part due to solar reflex motion, and in part due to local
stars being organized in stellar streams. The bottom
panel of Figure 26 reveals that these pairs have very
large separations and must be chance alignments.
We also include a comparison of radial velocities for
pairs in the unvetted subset, for which Gaia radial ve-
locities were also found for a few pairs; this is shown in
Figure 27. This subset includes pairs that had proba-
bilities above 10% from the first pass of the Bayesian
analysis but had high parallax errors or no parallax for
one of the components. Although only 19 of the wide bi-
naries were found to have radial velocities for both com-
ponents, these 19 all appear to be real pairs real pairs,
as demonstrated by the close coincidence in their radial
velocities. This increases our confidence that a signifi-
cant number of stars in the unvettted list are physical
binaries as well.
5.3. Examining the Sample
5.3.1. Projected Physical Separations Analysis
Figure 28 shows the histogram of the projected phys-
ical separation for pairs with second pass probabilities,
i.e. pairs from the parallax vetted subset, and breaks
down the physical separations into three groups based
on their probability of being wide binaries. The "Yes"
group corresponds to pairs with probabilities greater
than 95%, the "Maybe" group consists of those pairs
with probabilities between 95−20% and the "no" group
contains pairs with probabilities less than 20%. The up-
per row of Figure 28 shows the distribution of the three
probability groups in plots of distance to the primary vs.
projected physical separation. As seen in the plots, most
of the stars in our sample have distances between 100 -
300 pc, largely due to the high proper motion limit of
the search catalog. The red lines show our angular sepa-
ration limits. The inner line corresponds to our adopted
2" anuglar separation limit, to account for the fact that
Gaia does not completely detect all pairs below that
level. The outer line shows our 1 degree search radius
limit. The bottom row of Figure 28 displays the dis-
tribution of projected physical separations for our three
probability-selected groups. The black lines in the plots
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Figure 23. Comparison of the radial velocities for the 5,430
wide binaries with probabilities greater than 95% from the
second Bayesian analysis and where both components have
RVs provided by Gaia DR2. Top: Primary RV against Sec-
ondary RV. The red line represents the one to one relation
between the two. If the pairs are binaries, they should be
centered around this line which is what we observe. Bottom:
Radial Velocity differences plotted against the estimated pro-
jected separation of the pair. Our method appears to work
well even at higher separations as there are fewer mismatched
RVs there. Lines represent the three sigma range for the dis-
tribution; 88.2% of the stars fall within this range.
in the bottom row of Figure 28 represent the line of bi-
modality suggested by Dhital et al. (2010) at 104.2 AU
projected physical separation, which hypotheically the
tail end of the "normal" wide binary distribution from
the population of extremely wide, co-moving pairs. The
left panel shows that the highest probability pairs form
a single peak with no sign of having a bimodal distri-
bution. This is in constrast to previous surveys (Dhital
et al. 2015; Oh et al. 2017; Oelkers et al. 2017) that
suggested a more clearly bimodal distribution, with an
increase in the number of wide pairs from 104 AU up to
the parsec scale and beyond. What we find is that this
second population of very-wide pairs does not show up
Figure 24. Comparison of the radial velocities for the 470
wide binary candidates with probabilities between 95% and
20% from the second Bayesian analysis and where both com-
ponents have RVs provided by Gaia DR2. Top: Primary
RV against Secondary RV. The red line represents the one
to one relation between the two. If the pairs are binaries,
they should be centered around this line. Bottom: Radial
Velocity differences plotted against the estimated projected
separation of the pair. Lines represent the three sigma range
for the distribution of pairs with probabilities > 95%; 77.1%
of the stars fall within this range.
in the high probability ("Yes") group. A bimodal dis-
tribution does appear to emerge in the lower probabil-
ity subsets ("Maybe", "No") with a second peak start-
ing to appear at higher separations (around 104.2 AU)
in the intermediate probability bin (middle panel) and
then shifting to larger separations in the lowest prob-
ability bin (right panel). However, one has reasons to
doubt whether this shows evidence of a distinct popu-
lation due to much smaller numbers of pairs in these
low-probability subsets. As a point of fact, Figure 29
shows the combined distribution of projected physical
separations with a weight added to take into account
the probability of the pair. For example, if a pair has a
probability of 20%, it counts for 0.2 in this figure. This
The SUPERWIDE Catalog 23
Figure 25. Comparison of the radial velocities for the 199
wide binary candidates with probabilities between less than
20% from the second Bayesian analysis and where both com-
ponents have RVs provided by Gaia DR2. Top: Primary
RV against Secondary RV. The red line represents the one
to one relation between the two. If the pairs are binaries,
they should be centered around this line. Bottom: Radial
Velocity differences plotted against the estimated projected
separation of the pair. Lines represent the three sigma range
for the distribution of pairs with probabilities > 95%; 37.7%
of the stars fall within this range.
figure shows that although some pairs are added at large
separations, those appear to just be a continuation of the
tail end of the distribution of "normal" wide binaries.
This is especially the case for the pairs with probabili-
ties < 20%: in Figure 28, these pairs show a peak at 105
AU, but once the probability weight is added in Figure
29, this peak vanishes showing that most of those pairs
had extremely low probabilities of being gravitationally
bound systems, i.e. most of them are simply consistent
with being chance alignments.
We believe the reason for the apparent bi-modality in
Figure 28 is that as the value of our second pass prob-
ability decreases, the pairs go from being dominated by
genuine gravitationally bound wide binary candidates to
Figure 26. Comparison of the radial velocities for 5,000
pairs that have probabilities from the first pass Bayesian
analysis of less than 0.5% and both components have RVs
from Gaia DR2. Top: Primary RV against Secondary RV.
The red line represents the one to one relation between the
two. If the pairs are binaries, they should be centered around
this line. Bottom: Radial Velocity differences plotted against
the estimated projected separation of the pair. Lines repre-
sent the three sigma range for the distribution of pairs with
probabilities > 95%.
being increasingly contaminated by chance alignments,
which can have, or appear to have, parsec-scale separa-
tions. The peak in the distribution continues to shift to
larger separations from the "maybe" to the "no" proba-
bility groups because it is a mix of the continuing tail end
of the distribution and chance alignments. In the "no"
group, the majority of these pairs are chance alignments,
which is why in Figure 29 when probability is added as a
weight, the combined distribution of projected physical
separations appears as a single distribution with most
of the contribution occurring at 103 AU. If a second
population was involved, we would expect the contri-
bution from the lowest probability bin to be focused at
larger separations rather than what is seen in Figure
29. Based on Figure 29, it appears that the true wide
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Figure 27. Comparison of the radial velocities for 19 pairs
from the unvetted sample where both components have Gaia
RVs. Top: Primary RV against Secondary RV. The red line
represents the one to one relation between the two. If the
pairs are binaries, they should be centered around this line.
Bottom: Radial Velocity differences plotted against the esti-
mated projected separation of the pair. Lines represent the
three sigma range for the distribution of pairs with probabil-
ities > 95%.
binary distribution consists of a single peak, which is
largely determined by the lower detection limit on angu-
lar separation. Because of the absence of a second peak
in our "Yes" group, we are confident that (1.) there
is no secondary population of extremely-wide, parsec-
scale, gravitationally bound pairs, and (2.) our survey
identifies most of the real, gravitationally bound bina-
ries. This, combined with the confirmation of binaries
from our radial velocity analysis, makes use confident
that our "Yes" sample constitutes a "clean" sample of
wide binaries, with minimal contamination from chance
alignments. We will note two potential biases in this
analysis. (1.) In the design of our two part analysis,
we took only the pairs that had first pass probabilities
> 10% for the second pass. It is possible that some of
the roughly 556,900,000 possible pairs not included in
the second pass could have ended up with second pass
probabilities between 50% and 10%. These could con-
tribute additional pairs to the tail of the distribution
but they would be low probability pairs. (2.) Our sam-
ple is based on a catalog of high proper motion stars,
most of which should not be young stars. Young stars
would make up the majority of the co-moving pairs de-
scribed in Oh et al. (2017) as they are cluster members
and pairs that could be the remnants of wide binaries.
More analysis on this is planned.
5.4. Over-luminous Components in Wide Binaries:
The "Lobster" Diagram
With the accurate parallaxes provided by Gaia DR2,
we are able to examine the color-magnitude diagrams of
the components (primary and secondary) of our candi-
date wide binaries in detail. Figure 30 shows the sep-
arate color-magnitude diagrams for the primaries and
secondaries of our "Yes" group, i.e. the subset with
Bayesian probabilities > 95% of being true binaries. We
do require that the both components in each pair have
a GBP and GRP magnitude from Gaia for this analy-
sis. This requirement eliminates some pairs that have
components identified from the SUPERBLINK catalog
but are not listed in Gaia DR2. The main sequence in
both cases is well defined, however, the color-magnitude
diagram of the secondaries does suggest that our subset
may be including "unclean" stars from Gaia, by that
we mean stars found in between the main sequence and
the white dwarf cooling sequence, a zone that is not ex-
pected to contain any significant number of stars. We
believe there are several possible explanations for this
unwanted component. One is that these are chance
alignments and represent unrelated background stars.
The parallax of the secondary could, in this case, be
wrong and simply matches the parallax of the primary.
Another explanation is that these are true secondaries
whose Gaia parallaxes are incorrect. However, we do not
believe this to be likely as subbing the primaries paral-
lax for the secondaries keeps these stars in the same
location in the color-magnitude diagram. A third possi-
bility is that the GBP − GRP colors of the secondaries
are incorrect, specifically that they are bluer than the
actual values. Assuming the Gaia parallaxes and mag-
nitudes are accurate, however, the a fourth and most
likely explanation is that these secondaries are in fact
unresolved pairs of white dwarf + M dwarfs that have
blended colors.
In both panels of Figure 30 in the color range of
GBP − GRP ∼ 1.5, one notices a doubling of the main
sequence with an ∼0.7 magnitude upward shift, consis-
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Figure 28. Upper row: Projected physical separation vs distance for candidate wide binaries identified in our Bayesian analysis.
The sharp edge on the left is due to our 2" cutoff in angular separation while the diagonal line in the lower right is from our
1 degree search limit; both are marked with a red line. Left: the "Yes" group of pairs with probability > 95% of being real
binaries. Middle: the "Maybe" group of pairs with probability 20− 95% of being real binaries. Right: the "No" group of pairs
with probability < 20% of being real binaries. Lower row: Histograms of projected physical separation for the three groups listed
above. As probability decreases from left to right, the peak of the histogram shifts to higher projected physical separations, but
the samples are increasingly contaminated by chance alignments based on our analysis. This means the secondary peak at large
separations is likely not real. The black line in the lower plots represent the line of bimodality suggested Dhital et al. (2010)
Figure 29. Combined projected physical separation dis-
tribution for all pairs in the SUPERWIDE sample with a
weight added which is their probability of being a gravita-
tionally bound system. The red histogram represents pairs
with probabilities > 95%, the yellow histogram represents
the additional pairs with probabilities between 95% and 20%,
and the blue histogram represents the additional pairs with
probabilities < 20%. This combined histogram shows no ev-
idence of a secondary peak beyond 104.2 AU separation, as
suggested in other studies. The black line represents the line
of bimodality suggested Dhital et al. (2010).
tent with the presence of additional companions that are
not resolved by Gaia. The same effect was also noted
by El-Badry & Rix (2018) in their own catalog. To in-
vestigate this interesting feature, we examine a sample
of 2,227 K+K wide binaries with primary distances less
than 250 pc and and Bayesian probabilities > 99% of
being physical binaries; we use this more restrictive sub-
set to minimize contamination from chance alignments.
On the assumption that some of the objects may be
unresolved systems, we modify our defininition of “pri-
mary” and “secondary” by using color instead of mag-
nitude and defining the bluer star to be the primary
component. Figure 31 zooms in on the K dwarf locus
(red box) on the color-magnitude diagram for these high
probability wide binaries. The K dwarf color range was
provided by the Leonardo Paredes. They used a sample
of vetted single stars within the 25 pc RECONS sample
with known spectral types classified by Gray & Corbally
(2009). They obtained astrometry and photometry from
Gaia DR2 for those stars and then matched the spec-
tral types to different colors and absolute magnitudes
to define the K dwarf limits. A problem with the iden-
tification of over-luminous objects (due to unresolved
companions) is the magnitude of the "cosmic scatter",
which is due to metallicity differences between the lo-
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cal field stars and which significantly broadens the main
sequence in particular for M dwarfs, but also in the K
dwarf regime. To disentangle both effects (metallicity
and multiplicity), we use the following procedure. First,
we define an "over-luminosity factor" (FOL)
FOL = MG − [MG]Kref
which which is the difference between the absolute mag-
nitude MG of a star and a reference level [MG]Kref
meant to represent the color-magnitude relationship for
single-star K dwarfs of an arbitrary metal abundance.
For this we adopt the relationship:
[MG]Kref = 2.9(GBP −GRP ) + 2.5
This relationship is represented by the yellow line in Fig-
ure 31. This line roughly represents the division between
the single star main sequence and the unresolved binary
main sequence, although this choice is arbitrary.
Figure 32 shows the distribution of the over-
luminousity factor FOL of the primaries as a function
of the FOL of the secondaries. The red bordered region
going from roughly 0,0 to 1,1 represents components of
the wide binaries that are “single”. The correlation be-
tween the FOL values of the primaries and secondaries
here represents the effect of the "cosmic scatter": stars
of low metallicity in our subset have FOL ∼ 0.6, while
stars of high metallicity have FOL ∼ −0.1. This range
explains the ∼ 0.7 magnitude spread of the single star
main sequence. Wide systems whose components are
single stars cluster along this line because the metal-
licity of both components are the same, and thus the
overluminosity of the primary correlates with the over-
luminosity of the secondary. The yellow shaded regions
represents areas where one of the components appears
to be over-luminous as compared to its companion, and
thus likely is a triple system. The area to the left of
the single-star locus on the diagram is where the sec-
ondary is over-luminous while while the area below the
single-star locus is where the primary is over-luminous.
The purple shaded region on the lower left is where one
would expect a pair to be if both components are over-
luminous and the wide binary is actually a quadruple
system. The red bordered regions inside the yellow-
shaded regions on the diagram represent areas where
one would expect a pair to be if one of the component
is an unresolved, equal-mass binary, i.e. two stars of the
same luminosity. If these are equal mass systems, then
the orbital separation is expected to be small, making
them excellent targets for future spectroscopic binary
surveys. The pairs located between the single-star locus
and equal-mass binary loci are likely unresolved binaries
of unequal mass, and would also make excellent targets
for binary star searches in general.
With this method, we can determine that of the sub-
set of 2,227 “extremely likely” K+K wide systems, 1,343
show no evidence of either component having an unre-
solved companion and thus are likely to be mostly “true”
binaries, i.e. systems of only two widely separated indi-
vidual stars. On the other hand, we find that 449 are
systems with an over-luminous primary star while 339
are systems with an over-luminous secondary. In addi-
tion, we find 96 systems showing signs of being quadru-
ple systems (both components over-luminous). These
numbers suggest that the higher order multiplicity frac-
tion of our K+K wide binaries is at least 39.6%. We
stress that this is most likely an underestimate. There
will be high delta-mag companions that will not con-
tribute enough light to be picked up by Gaia. In ad-
dition, we know of pairs with angular separations be-
tween 2-10 arcseconds that have a third companion at
a larger separation and these are not accounted here.
On the other hand, some factors could also cause a star
to appear over-luminous while not being an unresolved
binary. These include a star evolving off the main se-
quence, a pre-main sequence star still in the contraction
phase, or errors in the Gaia measurements. For the first
two alternatives, we believe that such cases should not
be happening in this particular subset because our sur-
vey is using a proper motion limited sample, which re-
duces the number of young stars, and we are focusing on
the K dwarfs which should not be evolving off the main
sequence yet. We believe the third problem is mitigated
by the parallax error cut that we implemented before
the second pass of the analysis.
6. DISCUSSION
6.1. Comparison to Previous Searches
With the growing availability of large catalogs, there
has been a renewed interest in examining these catalogs
for wide binaries that appear as common proper motion
companions. There are two big differences between our
analysis and these previous searches. The first is that
we are focusing our search on a proper motion limited
subset, whereas previous searches looked at all stars in
a target catalog. Focusing on stars with proper motions
greater than 40 mas/yr makes it easier to pick out wide
pairs due to a reduced amount of contamination from
distant field stars. The second distinction is that our
Bayesian analysis uses an empirical approach to deter-
mine the probability distributions of binaries and chance
alignments, which is lifted out of the data. This con-
trasts to other approaches that attempt to model these
distributions using theoretical or semi-empirical consid-
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Figure 30. Color-magnitude diagrams for the pairs in our "Yes" subset, i.e. pairs with Bayesian probabilities > 95% of being
wide physical binaries. Left: Color-magnitude diagram for the primary components. Right: Color-magnitude diagram for the
secondary components. Primary stars are found of all types, including notable subsets of red giants, subgiants, more massive
main-sequence stars, and white dwarfs. Secondaries are overwhelmingly low-mass stars and white dwarfs.
Figure 31. Color-magnitude diagram for primary stars fo-
cusing on the K dwarf region of the main sequence, which
shows a simple, near-linear color-magnitude relationship.
The red box shows the region being examined while the red
dotted lines show the regions which we use to analyze the
change in unresolved binary fraction along the K dwarf se-
quence. The yellow line through the middle of the sequence
represents our arbitrary reference line used to calculate the
"over-luminosity factor" of every component in the wide bi-
naries. The broadening of the main-sequence due to metal-
licity variations ("cosmic scatter") and the dedoubling of the
main sequence due to unresolved components (luminosity
booster) are both noticeable on the diagram. The "over-
luminosity factor" is a combination of both effects.
erations. Our analysis also does more than just using
simple cuts in proper motion and separation space, and
instead assigns probabilities for all pairs over a broader
search range.
For example, the catalog of El-Badry & Rix (2018)
contains 55,128 binaries from the Gaia DR2 catalog.
Figure 32. The "Lobster Diagram" showing the over-
luminosity of the primary component plotted against the
over-luminosity of the secondary component, in high-
probability wide binary systems. Because the components of
wide binaries have similar metallicity, their over-luminosity
factors are strongly correlated (if both components are sin-
gle) and they fall on a 1-1 sequence, the "body" of the lob-
ster. The purple shaded region represents the area of the
plot where both components are over-luminous and hence
the wide binaries is potentially a quadruple system. The
yellow shaded regions represent areas where either one of
the components is an unresolved binary, meaning the sys-
tems is, in fact, a triple. The two red bordered regions in
the yellow shaded regions represents the area where equal
mass unresolved binaries exist.
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31,536 of those pairs have proper motions above 40
mas/yr for both stars in the pair. We take these pairs
and match them against the 119,316 pairs that made
our parallax control cut and were run through the sec-
ond pass of the Bayesian analysis. We find 31,066 pairs
in common between the two sets, which shows that
our methods recover essentially all the El-Badry & Rix
(2018) pairs. Of the remaining 470 unmatched pairs,
most are not found in our catalog because they either
did not pass the requirement that the parallax error be
less than 10% of the parallax itself or they fell below
the 2" limit we set for our pairs. Figure 33 shows the
histogram of probabilities that we assigned to each of
the 31,066 pairs in common between the two sets. As
seen, the vast majority of the pairs are found to have
high probabilities of being binaries in our second pass
analysis. This suggests that the El-Badry & Rix (2018)
analysis identifies the most obvious pairs, but fails to
recover substantial numbers of potential systems. Fig-
ure 34 compares the projected physical separation his-
tograms for the subset of our wide binaries that are in
El-Badry & Rix (2018) (left panel) and for the subset
of wide binaries that are not in El-Badry & Rix (2018)
(right panel). The two plots look nearly identical with
the only difference being that our lower probability sam-
ple extends to larger physical separations as one might
expect as we do not include a physical separation cut.
Both distributions still peak around 103 AU however,
and both have an exponential decay at higher separa-
tions.
Figure 33. Second pass Bayesian probabilities for wide
binaries in SUPERWIDE and are also in El-Badry & Rix
(2018). Almost all have probabilities > 95%.
6.2. Higher Order Multiplicity of K+K Wide Binaries
The higher order multiplicity fraction for the widest
K+K systems has potential implications for determin-
ing how these wide systems formed. The unfolding of
triple systems scenario (Reipurth & Mikkola 2012) con-
sists of three stars forming in a single protostellar cloud.
Over time, two of the stars form a close binary and kick
the third out into a higher orbit to conserve angular
momentum. If this scenario is the dominant formation
mechanism for wide binaries, it is expected that a large
fraction of wide binaries should be in triple systems.
Many of the other scenarios predict a large higher order
multiplicity fraction as well, (Tokovinin 2017; Kouwen-
hoven et al. 2010). However, our higher order multiplic-
ity fraction is 39.6%. However, our wide binaries span
a wide range of projected physical separation and the
pairs with separations ∼ 1, 000 AU most likely formed
through other methods, i.e. turbulent fragmentation,
and not the unfolding of triple systems. To examine
this, we need to examine the widest systems. Therefore,
we took a sample of the K+K wide binaries which had
projected physical separations > 10, 000 AU and reran
our analysis on this subsample of 112 K+K wide bina-
ries that had these large separations. We find that 69
are true wide binaries, 23 are possible triples with an
over-luminous primary, 16 are possible triples with an
over-luminous secondary and 4 are possible quadruple
systems. From these values, the higher order multiplic-
ity fraction of this subset is 38.3%, essentially the same
as the complete sample. As the separations for these
systems are on the order of a typical protostellar core
(∼ 0.1 pc, ∼ 20, 000 AU), this seems to suggest that
the higher order multiplicity fraction for these K dwarfs
is lower than predicted. However, this requires further
follow-up as the over-luminosity factor may be able to
find extremely close third companions well(∼ 0.1 arc-
second), but there may not be enough light contributed
from potential unresolved companions at larger separa-
tions (∼ 0.5 arcsecond) in Gaia DR2.
In addition, we examined the overall binary fraction of
our components, as if all wide primaries and secondaries
were independent systems of their own. This was done
by breaking down each pair into its components and
calculating the fraction of components that are over-
luminous. For our sample sample of 4,454 individual
components in the 2,227 K+K wide systems, we find
the overall binary fraction, based on overluminosity, to
be 22%. For the 112 widest systems, with physical sepa-
rations >10,000AU, the multiplicity fraction for the 224
components is comparable, at 21%. For comparison, so-
lar type stars in the field have a multiplicity fraction
of 46% (Raghavan et al. 2010), while for M dwarfs, the
multiplicity fraction is estimated to be 26.8% (Winters
et al. 2019). Assuming that the multiplicity fraction
for K dwarfs is between these two fractions and that
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Figure 34. Projected physical separation of our wide binaries candidates that were previously identified in the El-Badry & Rix
(2018) (left panel) and our larger subset of candidates that were not identified by El-Badry & Rix (2018) (right panel). The
distribution in the right panel extends farther in project physical separation range compared with El-Badry & Rix (2018) which
has a sharp cut at 50,000 AU.
these wide binaries formed widely separated but near
each other (adjacent cores scenario, Tokovinin (2017)),
it appears that our binary fraction is significantly lower
than expected, which would suggest that wide binaries
are more often composed of pairs of single stars than
one might expect if the components were drawn from
the field population. As discussed above, there are vari-
ous reasons that our binary fraction could be underesti-
mated. This, once again, points to the need for follow-up
observations to look for close companions to these wide
binaries.
This analysis has been using K+K wide binaries from
across the K dwarf region; because the "primaries" are
significantly bluer (and of higher mass) than the "sec-
ondaries", the binarity fraction of the primaries may be
higher simply because of a mass-dependence on the bi-
nary fraction. To investigate this, we break down the
K dwarfs to examine how the higher order multiplicity
changes as a function of color. We do this by splitting
the K dwarf region into four color bins as seen by the
yellow dotted lines in Figure 31. Our four color regions
span from 1.01 to 1.21, 1.21 to 1.41, 1.41 to 1.61 and
1.61 to 1.81 in GBP − GRP . In each region, we ex-
amine all components (primaries and secondaries) that
fall within that range, and calculate the binary fraction
from the over-luminosity factor. Table 10 shows our re-
sults from this analysis. We find that the unresolved bi-
nary fraction decreases as a function of the component’s
color/mass, from ∼30% to ∼ 19%. This provides further
evidence that the binary fraction is generally a function
of mass in low-mass stars, with higher mass objects be-
ing more likely to be unresolved systems, mirroring what
is found for single K dwarfs in the field population.
7. SUMMARY
We have searched the high-proper stars in the Gaia
catalog to identify 99,203 common proper motion pairs
with probability > 95% of being wide binary systems,
based on a Bayesian analysis method. Of those pairs, we
estimate that about 364 are expected to be false posi-
tives. The analysis uses a two-step process: a "first-
pass" analysis determined the probability of the pair to
be a wide binary based on proper motion and angular
separation alone, while a "second-pass" analysis com-
pares the parallaxes of the two components, for pairs
selected in the first pass. We present a complete list of
the P > 95% systems, along with two other subsets(1)
a list of 20,187 candidates with second-pass Bayesian
probability 0% < P < 95% of being wide binaries, and
(2) a list of 57,506 "unvetted" common proper motion
pairs, with high probability of being wide binaries from
the first-pass Bayesian analysis, but that could not be
verified in the second pass due to missing or uncertain
parallax data. While there are undoubtedly real wide bi-
naries in each of the latter subsets, we caution to users
to be careful in using them as the two subsets are likely
contaminated by chance alignments. To verify this, we
have checked our catalog using the radial velocities pro-
vided by Gaia DR2 to ensure that our catalog consisted
of genuine wide binaries. The spread of radial veloci-
ties increases with decreasing Bayesian probability and
is consistent with what is expected. In addition, we com-
pared our catalog with an earlier catalog of Gaia wide
binaries assembled by El-Badry & Rix (2018) and find
our catalogs to be in agreement. Most pairs in common
between the sample we find to have high probabilities of
being genuine pairs with a few exceptions.
An examination of the projected physical separations
of our pairs and our pairs finds that in or best sub-
set of pairs with probability P > 95% (the "Yes" sam-
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ple), there is no evidence of bi-modality due to a sec-
ond population of wide binaries with extremely large
(ρ>100,000AU) projected physical separations, as had
been suggested. Instead, we demonstrate that this hy-
pothesized population of extremely wide systems rep-
resents the tail of the “normal” wide binary projected
physical separation distribution.
Our investigation into the doubling of the main se-
quence in the K dwarf region of the color-magnitude
diagram reveals that 39.6% of the wide binaries in that
region are higher order multiples. Our over-luminosity
factor analysis further reveals that for the widest bina-
ries (ρ > 10, 000 AU) the higher order multiplicity is
38.3%. This is much lower than predictions on wide
binary formation expect, however, we believe that our
value is underestimated by a variety of factors. In addi-
tion, we find that further evidence that binary fraction
changes with primary color/mass.
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